Abstract Zooplankton were collected from Lake Taal between January and December 2008 in order to test for differences in species composition and abundance between a lake basin with intensive fish cage (FC) aquaculture and an open water area without FCs. Most species showed similar patterns of occurrence in both basins while having differences in abundance. Several rotifer species were more abundant in FC sites most of the year, while for microcrustaceans higher abundances in FC sites only happened during the first 2 months. Their distribution is attributed to the presence of higher nutrient levels in FC sites as well as wind-induced basin-wide water movements during the different monsoon seasons which disperse plankton and nutrients from FC sites to other parts of the lake. Zooplanktonic indicators, such as the Brachionus-Trichocerca quotient (Q B/T ) and the ratio of calanoids to cladocerans and cyclopoids, clearly demonstrate the eutrophic state of the lake. A comparison with previous studies suggests that the lake was already eutrophic prior to the introduction of aquaculture in the 1970s. The trophic conditions in Lake Taal may be attributed to the lakes' tropical and volcanic nature, with productivity further enhanced by increased nutrient input from aquaculture.
Introduction
The limnological features of tropical lakes are strongly affected by rain and wind during the monsoon seasons, both of which influence mixing and stratification. Strong winds and intense rainfall following episodes of hot weather can lead to the formation of multiple thermoclines, while heavy precipitation also promotes nutrient runoff from the watershed. Together with high average temperatures and intense solar radiation, these factors support high productivity in tropical lakes (Talling & Lemoalle, 1998) .
Volcanic lakes are a product of previous or persisting volcanic activity. The rocks and sediments in such lakes are natural sources of phosphorous, thus providing nutrients to boost phytoplankton growth. Active volcano lakes may have thermal vents that serve as benthic heat sources and thereby enhance the mixing of layers (Golterman, 1973; Talling & Lemoalle, 1998; Amarasinghe et al., 2008) . About 10% of the total number of lakes worldwide occur in the tropics and of these, 10% are of volcanic origin (Lewis Jr., 1996) . The unique combination of characteristics found in tropical volcanic lakes makes them particularly prone to eutrophication (Lewis Jr., 2000; Amarasinghe et al., 2008) . Lake Taal, the site of this study, is an active tropical volcanic lake located in Luzon, the largest island of the Philippine archipelago. The lake occupies the remains of a collapsed caldera and has a volcanic island at its center. The island separates the lake into two basins-a shallower northern zone in which fish cage (FC) culture is practiced intensively and a deeper southern area, from which aquaculture cages are absent.
Aquaculture, the branch of agriculture concerned with the farming of aquatic life, has increased at an average annual rate of 9.2% since 1970, compared with only 1.4% for capture fisheries and 2.8% for terrestrial farmed meat production (www.FAO.org). This impressive growth rate is closely linked with the ever increasing world population and the concomitant rise in demand for food. However, mismanagement and a lack of proper scientific guidance have often meant the ecosystem health has been sacrificed in attempts to maximize profit and yield. The excessive use of commercial feeds increases nutrient input into aquatic ecosystems (Borges et al., 2010) , enhancing phytoplankton growth, decreasing water transparency, and increasing microbial activity in the sediments. In Lake Taal, aquaculture in net cages started in 1975 and by the year 2000 was contributing 15,268 mt or 52% of the country's total annual FC culture production (Vista et al., 2006) . At present, Nile tilapia (Oreochromis spp.) and milkfish (Chanos chanos) are the most commonly reared fish (Aypa et al., 2008) in the lake. In 2006, the Lake Taal milkfish and tilapia were supplied with an average of 144 and 60.5 kg of feed per day, respectively (White et al., 2007) . Past under-regulation of stocking densities and feed inputs into Lake Taal has led to a decline in water quality which has threatened open water (OW) fisheries and depreciated the esthetic value of the lake. In response, a new Taal Volcano Protected Landscape Management Plan has been organized in order to monitor the lake and its watershed (Tvpl-Pamb, 2009 ).
Zooplankton community structure, population dynamics, and production are strongly influenced by lake productivity (Sousa et al., 2008; Zhou et al., 2009) . The response of zooplankton to changes in nutrient content is a useful means of monitoring the anthropogenic eutrophication of lakes. We employed this approach to assess the current state of Lake Taal and to compare it with previous data on the lake's trophic condition.
We hypothesized that aquaculture was the main cause of eutrophication in Lake Taal, and that its effects would be manifest in the structure of the zooplankton community. We further hypothesized that spatial patterns of zooplankton abundance and composition would reflect patterns of nutrient input, i.e., we expected to find differences between culture areas and FC free OW.
Materials and methods

Study area
Lake Taal (13°55 0 -14°05 0 N, 120°55 0 -121°105 0 E) is the third largest lake in the Philippines. It is a caldera lake with a surface area of 268 km 2 with mean and maximum depths of 90.4 and 198 m, respectively. Lake volume is 21,426 9 10 6 m 3 with a 682.8-km 2 catchment area and drains via the Pansipit River to Balayan Bay in the southwest (Papa et al., 2008; Perez et al., 2008) . It is home to the worlds' lowest active volcano (Taal volcano island), which has erupted 33 times since 1572 (Zlotnicki et al., 2009) . Taal Volcano Island partially separates the north (max. depth-100 m) and south (max. depth-198 m) basins of the lake (Ramos, 2002; Perez et al., 2008) . Lake water is neutral to slightly alkaline (7.2-8.9 pH) with high conductivity (1,600-1,700 lS/cm) (Perez et al., 2008) .
Sampling
A total of six sites representing OW (south basin) and FC areas (north basin) were sampled monthly from January to December 2008 (Fig. 1) . Temperature, dissolved oxygen (DO), and transparency were measured using a Radioshack infrared thermometer, the Winkler iodometric method, and a Secchi disc, respectively. Plankton samples were obtained with two replicate vertical tows per site from 40 m to the surface using a conical 80-lm mesh plankton net (diameter = 30 cm) and fixed in 5% formalin. Mean daily total rainfall, prevailing wind direction and details of tropical storms, depressions, and typhoons during the 2 weeks prior to each sampling were obtained from the government-run weather station. The number of FCs was obtained from the Provincial Government Environment and Natural Resources Office (PGENRO) of Batangas Province.
Specimen processing
Zooplankton identification was performed to species level for rotifers and cladocerans, while copepods were grouped into adult male or female cyclopoids or calanoids, and copepodite or nauplius stages according to Fernando (2002 ), Mamaril (1986 , Mamaril & Fernando (1978) , Dussart & Defaye (2001) and Petersen (2007) . The number of egg-bearing females was also tallied. Density was determined by counting zooplankton in three 1-ml Sedgewick-Rafter subsamples per replicate (Wetzel & Likens, 1991) . Individual lengths were measured to the nearest 0.025 mm . Total biomass (in lg/l) was determined for each taxon using lengthweight regressions from Lewis (1979) , Urabe (1992) , Unger & Lewis (1991) , and Amarasinghe et al. (2008) .
Data analysis
Data were analyzed using PAST Software Version 1.81. Normal distribution was tested using the Shapiro-Wilk test. Differences in spatio-temporal abundance, biomass, and physico-chemical variables were determined after values were log(x ? 1) transformed and compared across sampling periods using Kruskal-Wallis ANOVA with a Bonferroni corrected pairwise Mann-Whitney as a post hoc test. Principal component analysis was used to ordinate 72 sample units and 4 factorial axes, which were grouped according to monsoon season. The relationship of zooplankton biomass to physico-chemical data and FC number was analyzed using canonical correspondence analysis (CCA) with Type II Scaling, while Cluster Analyses with Bray Curtis similarity matrices were used to determine similarities in taxon occurrence. The Brachionus-Trichocerca quotient (Q B/T ) (Sládecek, 1983) and the calanoid to cladocera ? cyclopoid ratio were computed to quantify zooplankton community characteristics in relation to trophic status.
Results
Physico-chemical and meteorological variables
Secchi disc transparency (SDT) ranged between 1.5 and 6.9 m with the highest values recorded in OW sites in January and February and the lowest values seen in March and May in the FC sites (Fig. 2) . SDT in OW sites was higher than in FC sites for the first 5 months of the sampling year. The succeeding months saw similar SDT for OW and FC sites, except July and November, when OW sites had higher values than FC sites. Surface water temperatures were similar for both basins, ranging between 25.9 and 31.3°C. The lowest temperatures were observed in January and February, while highest temperatures were recorded in July. Surface DO values ranged between 6.8 and 12.3 mg/l, and though similar for both basins were generally higher in OW sites except in the months of May, June, September, and November. Seven typhoons/tropical storms/tropical depressions occurred within the 2-week periods prior to each sampling. May saw three typhoons, while June, July, August and September had one each. Total rainfall ranged from 3 to 431 mm per day, with the lowest precipitation in February and the highest in July.
High SDT and low DO contributed most variation between sites during the northeasterly (DecemberMarch) and intermediate (October-November) monsoon, while low SDT and high DO contributed much variability during the southeasterly (March-April) monsoon. Typhoon occurrence and low SDT as well as high rainfall and wind direction were influential during the southwesterly (May-September) monsoon. PCA showed that the number of typhoons and low SDT dominated the first principal component (51.6% variance), while the second principal component (17.2% variance) was dominated by high SDT and low DO (Fig. 3) .
Spatio-temporal analysis of zooplankton
A total of 15 rotifer, 6 cladoceran, and 3 copepod species were identified. One copepod (Pseudodiaptomus brehmi) was not included in the subsequent analyses due to its rarity. Overall, copepods made up 64% of average zooplankton abundance, followed by the rotifers (27%) and cladocerans (9%). In terms of biomass, the copepods contributed 84% of the total, while the cladocerans made up 14% and the rotifers 2%.
Rotifers
Keratella tropica, Brachionus forficula, and Hexarthra intermedia were the most abundant and commonly occurring rotifers (Table 1) followed by B. havanaensis and Polyarthra vulgaris. A further 10 species either had low abundances or were rarely encountered in samples. Abundance was higher at FC sites for Filinia longiseta, H. intermedia, K. tropica (P = 0.009), and P. vulgaris (P = 0.002) (Fig. 4) . Temporal variations were also observed in the abundances of the other rotifer species. Percentages of ovigerous individuals were low for all rotifer species, with more recorded in FC areas than in OW sites. B. falcatus had the highest percentage of eggbearing individuals in both OW and FC sites. The Brachionus-Trichocerca quotient (Q B/T ) for the year 2008 was seven.
Microcrustaceans
Microcrustacean abundance and biomass was initially higher in FC compared to OW sites which became more similar in the succeeding months. Nauplii were the most abundant forms among all taxa, followed by cyclopoid copepodites. Among the cladocerans, Ceriodaphnia cornuta and Bosmina fatalis had the highest abundance and biomass, respectively (Table 2) .
Calanoid copepods (males, females, and copepodites), nauplii, B. fatalis, C. cornuta, and Diaphanosoma sarsi exhibited peak abundance in January (Fig. 5) . C. cornuta, B. fatalis, M. micrura, Diaphanosoma spp., and copepods had higher densities in FC sites in January and February compared to OW sites.
Male and female calanoid copepods exhibited similar occurrence and abundance peaks, whereas in cyclopoids, females were more abundant than males. Peak abundance for cyclopoids was observed in July for females and in August for males. Calanoid copepodites were generally less abundant than cyclopoids. Calanoid copepodite abundance peaked in April in OW sites, while cyclopoids were most abundant in March. Naupliar abundance peaked in January at 1,300 ind./l in FC sites but then remained below 300 ind./l for the rest of the year. Bosmina fatalis, Moina micrura, and Ceriodaphnia cornuta recorded the highest percentage of eggbearing individuals, while Diaphanosoma spp. had the lowest (Fig. 6) . Of all female copepods recorded throughout the entire year, fewer than 5% were eggbearers (Table 3 ). The calanoid to cladocera ? cyclopoid ratio was low for all sampling months, reaching a maximum of 0.5 in May, while no calanoids were observed in October.
Multivariate analysis
The CCA bi-plot showed how the sites grouped together based on the presence of FCs as well as physico-chemical variables such as DO, temperature, and SDT (Fig. 7) . There was a clear distinction between sites 1 and 3 (OW) and 4 and 6 (FC). The different zooplankton taxa included clustered near the center of the bi-plot. Bray Curtis Cluster Analysis confirmed the results of CCAs and the spatiotemporal analyses of zooplankton distribution. The taxa which had more variable abundances between OW and FC sites grouped together (Fig. 8) . The nauplii, cyclopoid copepods, copepodites, C. cornuta, B. fatalis, K. tropica, and H. intermedia formed one group, while the calanoid copepods, D. sarsi, D. excisum, D. tropicum, and B. havanaensis formed another.
Discussion
It was hypothesized that FC sites may exhibit different zooplankton abundance and community composition compared to OW sites. Nutrient inputs from uneaten fish feed, increased microbial activity in the lake bottom, and a decrease in water quality have been noted in the vicinity of FCs in Lake Taal (Alcañices et al., 2001; Vista et al., 2006; Perez et al., 2008; Hallare et al., 2009) . The density of FCs in the north basin has already exceeded the lake's carrying capacity (White et al., 2007) . We observed higher SDT and DO in the OW compared to the FC areas, Average abundances of M. micrura and B. fatalis were higher in FC sites due to high densities in January (B. fatalis) and January to March (M. micrura)
Hydrobiologia (2011) suggesting higher turbidity due to uneaten feed and fish feces and/or higher primary production due to high-nutrient input. Overall, the zooplankton community showed similar species composition for an entire year in both parts of the lake (Tables 1, 2) . However, higher abundances were found in FC sites either during the first few months (microcrustaceans) or throughout most of the year (rotifers). The higher nutrient levels in FC sites may have promoted increased primary productivity which in turn led to higher zooplankton densities; however, the lack of spatial differences in the distribution of zooplankton may be attributable to the influence of wind and rainfall in dispersing plankton and nutrients. Limnological characteristics unique to tropical regions such as the formation and dissipation of thermoclines in tropical lakes (atelomixis) are strongly influenced by wind-induced water movements and temperature inversions caused by rainfall (Lewis Jr., 1996) . Lake Taal lies only 2.5 m above sea level, and the uneven height of the caldera ridges makes it prone to strong winds. Wind-induced currents are important in determining the distribution of epilimnetic larval fish, phyto-and zooplankton (Rinke et al., 2009) , and in Lake Taal, their influence is likely to be even greater due to the smaller size of tropical zooplankton (Fernando, 1980) . Lake mixing, which coincides with the northeast monsoon (December to February), may have been the reason why the higher abundances of microcrustaceans in FC sites only happened during the earlier part of the year as it can aid the dispersal of both plankton and nutrients from areas with higher concentrations. The onset of the southwesterly monsoon where there is higher rainfall and stronger wind from typhoons further supported this. Nutrient run-offs from the sediments during periods of heavy rainfall also increase the amount of nutrients entering the lake (White & San Diego-Mcglone, 2008) . The principal component analysis shows how the physical and chemical variables in the lake were influenced by the monsoon seasons (Fig. 3 ). This may have further supported phytoplankton populations in OW sites which led to the comparable densities of the microcrustaceans in the OW and FC sites. Lake mixing, wind currents, and increased rainfall may not have played a prominent role in determining the abundance and distribution of rotifers as they were found in higher densities in FC sites even after lake mixing. Results of the Kruskal-Wallis ANOVA revealed higher abundances in FC sites compared to OW sites for K. tropica and P. vulgaris, while F. longiseta and H. intermedia occurred in higher numbers in FC sites in most months albeit the differences were not significant for abundance values. Canonical correspondence analysis showed that abundance did not vary significantly between OW and FC sites except for five taxa which were more associated with FC sites (copepod nauplii and four rotifer species-B. havanaensis, H. intermedia, P. vulgaris, and K. tropica). They either had high abundances in FC sites in 1 month (copepod nauplii and B. havanaensis) or in several months (H. intermedia, P. vulgaris, and K. tropica). Cluster analysis then confirmed that taxa with similar distributions formed distinct groupings. Those with higher densities in FC sites were more closely related with one another, while those that had similar densities between OW and FC sites were found in the other group. The abundance of dominant rotifers in FC sites may be due their tolerance for more eutrophic environments. Previous studies have used rotifer abundance and occurrence as efficient bioindicators of higher trophic levels (Sládecek, 1983; Saksena, 1987) . Shorter generation times under favorable conditions may have supported their population in FC sites in spite of their being easily transported to other areas of the lake because of their small size. There is also reduced predation risk for rotifers in FC sites from lower water transparency. Their smaller size and defense mechanisms such as harder lorica and effective escape behavior also help protect them from predators in FC sites (Walz, 1995) . Our data also show that Lake Taal zooplankton exhibited continuous recruitment and reduced seasonality similar to that observed in other tropical lakes (Hart, 1985; Mengestou & Fernando, 1991; Gliwicz, 1999; Vijverberg et al., 2008) . Atelomixis resets the successional clock and causes numerous discrete successional episodes which can take place within a matter of days (Lewis Jr., 1984) . This may be the main reason for the lack of pronounced seasonality observed in the abundance and distribution of dominant taxa in the current study. Copepod reproduction continued year round, as evidenced by the presence of nauplii and copepodites in all months, and the appearance of number of ovigerous individuals in all months. However, an increase in the percentage of egg-bearing females toward the end of the year may explain the greater abundance of nauplii observed in January. C. cornuta and B. fatalis had a larger proportion of ovigerous individuals than copepods but these were likewise recorded in all months. The dominant rotifer species exhibited high frequencies of occurrence and ovigerous individuals were recorded in most months. Only rare rotifer taxa such as A. navicula, B. angularis, T. capucina, B. diversicornis, B. falcatus, and B. calyciflorus exhibited obvious seasonal succession. Some appeared after the mixing period (F. opoliensis and B. falcatus), others after the onset of the rainy season (A. navicula, B. angularis), while the rest peaked in abundance during the start of the northeasterly monsoon (B. diversicornis, B. calyciflorus, and T. capucina). These rare species occurred in both areas, though some had higher abundances in FC sites similar to the abundances of dominant rotifer species.
Predation by Sardinella tawilis may have an influence on zooplankton abundance and distribution. S. tawilis is the dominant pelagic fish species in Lake Taal and is an efficient size-selective zooplanktivore (Papa et al., 2008) . Their largest available prey would be the adult female calanoid and cyclopoid copepods, Moina micrura and Diaphanosoma spp. We observed a decrease in biomass of adult and copepodite calanoid copepods, the biggest cladocerans (Diaphanosoma and Moina) and female cyclopoid copepods from April to June, consistent with the period of increased feeding by S. tawilis (Papa et al., 2008) . This drop in zooplankton abundance may be a product of predation at both FC and OW sites. Pelagic fish, mainly S. tawilis, which prey on large microcrustacean zooplankton, are present in both sites (Aypa et al., 2008) . Cultured and escaped Oreochromis spp. (Nile tilapia) and Chanos chanos (milkfish) particularly the juveniles also contribute to this. A similar decline was not observed for the rotifers, which are not a preferred prey of S. tawilis (Papa et al., 2008) . Some rotifer species, such as A. navicula, B. havanaensis, and B. angularis, even showed abundance peaks that coincided with the drop in cladoceran and copepod biomass, suggesting that these species benefited from reduced competition by the larger taxa.
After analyzing the spatial and temporal abundance and distribution of zooplankton, we compared our data on species composition with those from earlier studies. Lake Taal seems to have been nutrient rich or capable of supporting eutrophic species prior to the introduction of FCs. The five Brachionus species recorded in 1941 (Woltereck et al., 1941) are indicative of eutrophic conditions (Saksena, 1987) . The Q B/T in 1941 was only two points lower than the current value of seven. Values higher than two indicate eutrophic environments (Sládecek, 1983) , so this parameter suggests that the lake was already eutrophic before aquaculture operations began.
The trophic levels of aquatic ecosystems have also been characterized using the presence and dominance of certain copepod species (Dussart & Defaye, 2001) . Earlier studies in Lake Taal recorded only cyclopoids and cladocerans (Kiefer, 1939; Woltereck et al., 1941) . These taxa are generally favored in eutrophic environments (Ka et al., 2006) , while calanoids typically decrease in number with increasing productivity (Adrian, 1997; Pinto-Coelho et al., 2005; Ka et al., 2006) . These previous findings are supported by our own data, which indicate a low calanoid to cladocera ? cyclopoid ratio. Data published in 1992 Data published in and 2008 Data published in (collected in 1998 agree with the findings of the current study, that copepods were the most abundant major zooplankton taxa in Lake Taal (Zafaralla, 1992; Vijverberg et al., 2008) . Hence, both current and historic analyses of the microcrustacean community in Lake Taal support the implications of earlier analyses of rotifer abundance, that the lake had eutrophic tolerant species as early as the 1940s. Utilizing available data on rotifer and microcrustacean composition is a useful alternative in evaluating the lake's trophic status in the absence of physico-chemical data such as Chl a and tot-P. No data on these parameters exist prior to 1976.
Summarizing the available information on the biological indicators of trophic status, we suggest that Lake Taal was nutrient rich, even prior to the introduction of the FCs. Recent studies on nutrient levels, however, confirm the role of FCs in accelerating the rate at which Lake Taal is undergoing eutrophication. Aquaculture contributed 82% to external phosphorous input in the year 2001 (Alcañ-ices et al., 2001; Vista et al., 2006) . Total phosphorous (tot-P) values were already within eutrophic levels in 1973 (Vista et al., 2006) , 2 years prior to the start of aquaculture. The lowest tot-P level recorded was in 1998, at 0.19 mg/l (Perez et al., 2008) . Data from the FISHSTRAT study showed maximum Chl a levels at 50 lg/l in April 2000 (Perez et al., 2008) while the Akvaplan-niva survey had Chl a levels reaching a maximum of 10 lg/l at 10 m depth even in OW sites (White et al., 2007) . Lakes with more than 0.035 mg/l tot-P and 10 lg/l Chl a are considered eutrophic (Hakanson, 1980) . The suspected eutrophic state prior to the introduction of FCs may be a result of volcanism. Volcanic bottom layers show geothermal activity and are nutrient rich, releasing fluxes of geomorphic P into the water (Golterman, 1973; Talling & Lemoalle, 1998; Ramos, 2002; Amarasinghe et al., 2008; Gunkel & Beulker, 2009) . Some suspected thermal vents in Lake Taal are located in the OW areas (Ramos, 2002) , and their geothermal activity may enhance vertical mixing and contribute to increased primary and secondary production , even in areas not subject to aquacultural inputs. In Lake Taal, hydrochemical conditions and mixing patterns are greater influences to phytoplankton productivity compared to other factors such as zooplankton grazing (Rott et al., 2008) . Similarly, in other caldera lakes such as Lake Cuicocha (Ecuador) and Crater Lake (USA), zooplankton occurs down to deeper waters due to increased mixing from thermal vents (Gunkel & Beulker, 2009; Larson et al., 2009) . Analyzing the zooplankton community of tropical volcanic lakes such as Lake Taal may help better understand the negative impact of increased primary production in FC areas. For example, the lack of variation in zooplankton composition and the similar abundances of microcrustaceans between FC and OW sites of the lake suggest that the effects of increased nutrient input from aquaculture are not restricted to fish culture areas but may affect the lake as a whole due to wind-induced water exchange between the FC and OW basins, while the abundance of certain rotifer species in FC sites confirms the role of aquaculture in further increasing nutrient levels since these rotifers are indicators of higher trophic conditions.
